INTRODUCTION
Compared with X-ray bone densitometry, ultrasound is inexpensive, fast, and portable. Calcaneal ultrasonic attenuation and sound speed correlate highly with calcaneal bone mineral density (BMD) [l-61 which is an indicator of osteoporotic fracture risk [7] . Calcaneal The calcaneus consists of trabecular bone surrounded by a thin cortical shell. The trabecular interior consists of a three dimensional lattice of branching spicules or plates. The spaces between the trabeculae are filled with marrow.
The interfaces between mineralized bone trabeculae and marrow are likely candidates for the sources of ultrasonic scattering.
Ultrasonic backscattering properties may provide useful structural information, For example, the aging process involves a reduction over time of the number and thicknesses of trabeculae. This would be expected to reduce backscatter. Some diagnostic promise for this measurement has already been demonstrated [14-171. Although the utility of bone sonomehy has been established, the U.S. Government work not protected by U.S. copyright 
MODEL
Trabeculae within bone are postulated to be the main sources of scattering and are modeled here as cylinders with diameters that are small relative to the wavelength. It is assumed that the cylinders are long relative to the ultrasonic beam cross section and are oriented perpendicular to the ultrasound propagation direction. Figure 1 shows long thin trabeculae within a calcaneus. Although they exhibit a myriad of orientations, the trabeculae are all approximately perpendicular to the ultrasound propagation direction provided that the bone is interrogated in the mediolateral (or lateromedial) direction (perpendicular to the plane of Figure 1) . A typical value for human calcaneal trabecular thickness is 120 +_ 10 pm (mean i standard deviation) [18] . The wavelengths (in water) used in the experiment were much larger and ranged from 3.1 mm (at 500 kHz) to 0.7 mm (at 2.25 MHz).
The intensity of an acoustic wave scattered from a solid cylinder, is given by I, = la\Ts(+)f/m where I is the intensity of the incident plane wave, a is the radius of the cylinder, r is the distance from the cylinder axis to the observation point, cos(m4)cos (n4), (1) 4 is the angle between the incident and observation directions, k = 2 x 4 ; i is the wavelength in the fluid surrounding the scatterer, = 1, E, = 2 (m > 0), qm is the phase angle for scattering from a cylinder given by I1 91 J,,, and N, correspond to Bessel and Neumann functions, primes denote differentiation, p is the density of the fluid surrounding the scatterer, pI is the density of the cylindrical scatterer, and o = Poisson's ratio [19, 20] . A general form for the scattering phase angle, <.(x1, o), may be found in Reference [19] . For inelastic scattering, tan = 0 for all n. For backscatter, c$ = 180". Scattered intensities for both inelastic and elastic scattering from a cylinder as functions of frequency are shown in Figure 2 . For the elastic case, material properties for hydroxyapatite (cI = 6790 &S, p = 3.22 g/cm3, and 0 = 0.28) [21, 22] scatterers in water were assumed. Deposits of calcium phosphate, similar to hydroxyapatite, are the major inorganic constituents of bone [23] .
Anderson et al., in modeling microcalcifications in the breast, employed similar models for spherical scatterers composed of hydroxyapatite [22] .
In the low frequency limit (ka << l), it may be shown that the intensity of the inelastically scattered wave is given by I,=nk3a41( 1-2co~c$)~/8r [20] and is therefore proportional to the cube of the ultrasonic frequency at all angles.
This theory applies to a single cylindrical scatterer.
It can also describe the frequency dependence of scattering from a superposition of provided that 1) echoes from different sources add scattered signals from many cylindrical sources incoherently (this will occur if the scatterers are positioned sufficiently randomly that the phases of their scattered waves may be taken to be uniformly distributed on the interval from 0 to 2x [24, 25] ) and 2) the effects of multiple scattering are negligible.
METHODS
Fourteen human calcanei were defatted using trichloro-ethylene. Defatting was presumed not to greatly affect measurements since attenuation [4, 26] and sound speed [26, 27] in defatted with marrow left intact. Figure 2 shows measurements of average backscatter coefficient for the 14 calcanei. Also shown are inelastic and elastic models assuming the material properties for hydroxyapatite and a = 60 pm [18] . Magnitudes of the theoretical curves were arbitrarily adjusted to fit the data. Good agreement models and measurements may be seen. The low in frequency dependence among both theoretical frequency data (300 -700 kHz) were least squares fit to power law functions, AY. The exponent, n, "Ultrasound discriminates patients with hip fracture equally well as dual energy X-ray absorptiometry and independently of bone mineral density." J. Bone Min. Res., 10, 243
RESULTS

